ABSTRACT. In the Part II of this study, the reverse Monte Carlo algorithm was applied to onedimensional, multi-layer media. The time-resolved reflectance exhibits a direct correlation between the signal magnitude and the travel time to the layer interface if the ballistic photons encounter a strongly scattering layer. Furthermore, it is found that even with a symmetric radiative property distribution in a three-layer medium, the reflectance and transmittance signals do not converge at long time when the mid-layer is optically thick. The long time slope of the temporal signal does not provide the specificity required for an inverse analysis parameter as stipulated by earlier researches. 
INTRODUCTION
The temporal radiative signals from a medium irradiated with ultra-short pulses offer some unique characteristics that are not available from the steady state light sources. Usually the temporal or time-resolved radiative signals (transmittance and/or reflectance) are used to determine the medium's internal structure through the effects of radiative property on the signals, i.e., inversion of properties with the measured signals by comparing with the forward calculations. It has been of active research interest since the availability of ultra-short pulse infrared lasers in the 1980's. The earlier researches were somehow hampered by the lack of accurate models to provide high fidelity numerical solutions of the light pulse propagation processes within the scattering media. There are also very few systematic presentations of the layer media's temporal radiative signals. This study uses a newly developed reverse Monte Carlo method to understand the light pulse propagation processes in nonhomogeneous media and to complement the existing knowledge.
VALIDATIONS OF THE REVERSE MONTE CARLO METHOD
First, the reverse Monte Carlo algorithm in the nonhomogeneous media is verified by the simulating light pulse movement inside the forward, isotropic, and backward scattering homogeneous media in which the discrete ordinates solutions are available [1] . The discrete ordinates solutions are in good agreement with the MC solutions [2] . The comparisons are shown in Fig. 1 . The comparison with a forward Monte Carlo method [3] in a two-layer isotropic scattering media was also performed and is given in Fig. 2 . For simplicity, all the remaining cases in this study will consider isotropic scattering phase function only. In Fig. 2 , Wu's results are available up to 8.33 ps. Both the MC and RMC reflectance curves show very good agreement. When the RMC results were extended to 20 ps and it is clearly shown that the reflectance curves of the two layered media cross over at about 13.5 ps and then diverge at longer time. The two media have in fact identical property except the layer order was swapped, i.e., the first layer in the one medium becomes the second layer of the other medium. The two reflectance curves can also be viewed as the same layered medium with pulse irradiated at opposite boundaries, respectively. The divergence of reflectance curves at long time is consistent with the steady state results that consider infinitely long pulse, which has been verified by our steady state integration method. The divergence is due to the asymmetric property distribution. Later, this divergence phenomenon in nonhomogeneous multi-layered media is observed again. The non-convergence of the long time radiative signals even appears in multilayered media with symmetric property distributions. However, it is due to different reason and will be discussed later.
RESULTS AND DISCUSSION
There are four cases in Fig. 3 . A01 and A02 are single-layer homogeneous slabs. These are presented alongside with two-layer cases A03 and A04 for comparison. For the same overall optical thickness, it is obvious that both reflectance and transmittance of case A01 with lower scattering ω are smaller than those of case A02. The reflectance and transmittance of two-layer cases A03 and A04 (which have identical overall τ but on average an intermediate ω value) are inbetween those of A01 and A02. In each of the homogeneous cases, the reflectance and transmittance curves converge at long time, as expected. A03 and A04 are similar to the cases in Fig. 2 , except that these have dimensionless pulse width t po = 0.1, while the Fig. 2 cases have t po = 0.3. The two-layer slab reflectance curves share similar features as before, even though the diverging trend is not as obvious due to the small pulse width. This trend can be amplified by longer pulse width as well as larger optical thickness. The latter factor can be seen by comparing case A03 and A11, which is shown in Fig. 3 . The reflectance curves of A01 and A03 and of A02 and A04 are identical for photons reflected from the first layers. This is the hyperbolic wave equation characteristic of the transient RTE.
An interesting phenomenon is observed at t = 3.33 ps when the photons reach the interface between the layers and are back scattered to the irradiation boundary. At this time, the case A03 reflectance shows an immediate rise or local minimum, instead of continuing decrease as in the other cases. This is caused by the second layer's larger scattering coefficient. This sudden increase in the reflectance at the time when photons travel to the interface and reflect back to the front surface is also seen in Fig. 2 . In case A04, the reflectance actually shows a change of slope at the same instant. All the reflectance curves show somehow a bend (or slope change) at t = 6.66 ps when the photons reach the rear surface and reflect back to the front surface. The sudden increase and slope change in the reflectance curve have practical ramifications for material property or structure diagnostics. However, these effects, esp. the sudden increase, are strongly dependent on the pulse width [4] and the property distribution as will be elaborated later.
In Fig. 4 cases A11 and A14 are identical slab media with layer order being switched. Alternatively, these can be considered as the same media with collimated irradiation at the front or back surface. In these two cases, one layer is optically thin with ω = 0.1 and the other is optically thick with larger ω = 0.9. The transmittance curves of these two cases are close to each other. The reflectance curve is higher for A14 (its front layer has strong scattering) than that of A11 initially. However, in A11 when photons are reflected back from the interface the reflectance exhibits a sudden rise, as explained in Fig. 3 . Due to stronger second layer scattering, A11 has larger reflectance than A14 at long time. Cases A12 and A13 are also two-layer media with swapped layer properties. In these two cases, one layer is optical thin with large ω = 0.9 and the other optically thick with small ω = 0.1. The transmittances of these cases are separated from each other and do not converge. In fact, the long time transmittance curves have nearly identical slope, i.e., they are parallel. The reflectance curve is much higher for case A12 with the strong scattering front layer than that of A13 with strong absorbing front layer. The A13 reflectance drops to very low magnitude right after the pulse enters the front layer. Since it has a strong absorbing front layer, very few, in any, back-scattered photons are able to escape from this layer. For similar reason, since the strong absorbing layer of case A12 is in the rear (the second layer), its transmittance magnitude is lower than that of case A13.
Unlike the results in Fig. 3 , the transmittance and reflectance in Fig. 4 of two-layer media with unequal optical thickness in each layer clearly demonstrate non-convergence trend at long time. For property diagnostics with probing light pulses, observing different reflectances (or transmittance) when opposite surfaces of a material are irradiated with the collimated beam is a clear indication of the existence of non-symmetric property (or structure) distribution. In fact, the cases of A12 and A13 show drastic difference in the reflectance signal magnitude. Furthermore, comparing the reflectances of A12/A13 and A11/A14 sets, the order of magnitude difference in the signal magnitude points to the existence of strong absorbing layer in the A12/A13 set. It is noted that transmittance curves show similar trend, albeit the relative difference is smaller comparing with the reflectance signals. It is therefore advantageous to use reflectance, rather than transmittance for diagnostics.
In the early work on the single homogeneous layer, it has been proposed that using the long time log slope to invert the medium property, for example, Brewster and Yamada [5] . As can be seen from Fig. 4 , different material structures, e.g., A12 and A13, lead to identical slope in both long time transmittance and reflectance signal. To further illustrate this point, the A01 reflectance has long time log slope of -0.46 and A12 and A13 have long time log slope of -0.42. These two slopes only differ by 10% but the material properties are drastically different. Therefore, it is not suitable to use log slope as a parameter for inverse analysis. In fact, since the long time signal is solely due to diffuse or multiply scattered photons, which carry little information about the material property, the long time signal is not of much value for inverse analysis. Most recent research, for example, the optical imagining [6] , has focused on capturing the ballistic or snake photons, which constitute the short time signals.
For case A12, the absorbing rear layer has very small effect on the reflectance signal as the front layer is optically thin and highly scattering. With case A12 or A21 as the basis, the rear layer optical thickness is gradually reduced while maintaining ω 2 = 0.1 (Fig. 5) . As the rear layer optical thickness decreases, the transmittance increases. When the two layers have same optical thickness (case A25), the transmittance curve is still lower than reflectance at long time. This is because of the large scattering albedo in the front layer that leads to higher reflectance than transmittance. As τ 2 is continuously reduced, the transmittance is higher than the reflectance. It appears that the second layer has strong effect on transmittance but little effect on the reflectance in this particular set two-layer media. These non-converging trends of the reflectance and transmittance at long time are due to the asymmetric layer property distribution, as discussed earlier. To eliminate this factor, symmetric three-layer slabs will be considered next. Fig. 6 depicts the temporal signals from the pulse irradiated three-layer media. The figure is similar to that of two-layer except that cases B03 and B04 have converged reflectance and transmittance. This is expected because of their symmetry property. The B03 curves converging faster than B04 as B03 has strong absorbing front and rear layers. B04 has a weakly absorbing mid-layer and strongly scattering front and rear layers, which require longer time to converge. On the other hand, the optically thick and absorbing mid-layer in case B02 results in two "parallel" and greatly separated transmittance and reflectance curves at long time. In fact, the mid-layer acts like a thick "wall" and it is very difficult for the photons to move across the mid-layer, thus the reflectance is much higher than the transmittance. For those photons that do get through the mid-layer, there is little chance of them to scattered back to the front layer. Therefore, the reflectance and transmittance signals stay far apart. It is noted that the strong similarity between A12 and B02 signals, which is not surprising as the only difference between the two cases is the third layer in B02.
Using B02 or B11 as the basis, when optical thickness of the mid-layer is reduced, the transmittance increases but the reflectance doesn't change much (Fig. 7) . As the mid-layer τ 2 reduces, both the reflectance and transmittance increase and finally converge when the optical thickness is reduced to 1.3. As explained earlier, the symmetric property distribution should produce converged reflectance and transmittance signals at long time. Fig. 7 shows this is not necessarily the case even though the mid-layer is not very optically thick.
One phenomenon occurs in the temporal reflectance when a layer's scattering coefficient is larger than that of the preceding layer. Fig. 8 shows the signals from a two-layer media with the front layer τ 1 = 1 and ω 1 = 0.1 and rear layer τ 2 = 10 and ω 2 = 0.9. The temporal signals of three different pulse widths are given in Fig. 8 . The discontinuity of the reflectance slope or the local minimum occurs at the instant when the pulse (or ballistic photons) travels to the interface and returns to the front surface. The shorter the pulse width is, the more obvious is the local minimum. The local minimum also appears in a three-layer media with front layer τ 1 = 1, ω 1 = 0.1, mid-layer τ 2 = 9, ω 2 = 0.9 and rear layer τ 3 = 1 and ω 3 = 0.1 (Fig. 9) . The only difference is that the local minimum is correlated to the first interface, not the second interface. Clearly, if the pulse is irradiated on the back surface, the local minimum in the reflectance will indicate the location of the second interface, i.e., the one between τ 2 and τ 3 .
It is advantageous to use such reflectance signal to infer the property distribution or structure inside the nonhomogeneous media. At large pulse width, the local minimum is gradually masked by the multiply scattered or diffuse photons. It is therefore important to ensure the pulse's temporal width is short enough to reveal the spatial detail. Figures 8 and 9 show the effect of pulse width on the local minimum in temporal reflectance signals. If the incident pulse width is too long, while the very beginning ballistic photons strike the interface and return but, at the same time, the diffuse photons already mix with the ballistic photons originated from the later time of the incident pulse. To avoid the masking by the diffuse photons, the pulse will have to be kept at a small value. The results indicate that t po < 1 is essential to obtain the desirable space-time correlation. This phenomenon was also reported in our earlier homogeneous media study using a deterministic model (Hsu, 2002) . Comparing with the reflectance, the transmittance doesn't have the local minimum.
Finally, local minimum of the temporal reflectance is examined for the four-layer media in Fig. 10 . Cases C01 and C02 are the same media with the pulse irradiated at the front or back surface, respectively. The local minimum exists in C01 is correlated to ballistic photons' travel time to and from the first interface. There is no local minimum in C02, even though the second interface has the right scattering coefficient combination. It could be that the ballistic photons returning from the second interface are masked by the highly scattering first layer. To see if this is the case, case C03 property is considered. The first three layers are optically thin. The second local minimum correlated to the third interface does happen as postulated, besides the first minimum due to the first interface. In case C04, due to the highly scattering first layer, the local minimum does not appear. It is noted that both C02 and C04 are the same media as C01 and C03, respectively, with the pulse irradiated at the opposite surface. The distinctively different reflectance signals in the C01/C02 or C03/C04 pair indicate the existence of layered structure. The local minimum will give precise location of one or more interfaces.
CONCLUSION
Several important results are obtained in the reverse Monte Carlo analysis: (1) The local minimum in the temporal reflectance correlates with the layer interface location. The appearance of local minimum requires the normalized pulse width (t po ) to be less than one and the preceding layer scattering coefficient to be less than that of the following layer. (2) The non-convergence of the transmittance and reflectance at long time can be either due to the asymmetric property distribution in the medium or the optically thick inner layer that prevents the residual or multiply scattered photons at the front or rear layer from migrating to the opposite end. (3) The long time slope of the temporal signal doesn't provide the specificity needed for an effective inversion parameter. 
